Brain lesions in Alzheimer's disease (AD) include amyloid plaques made of Aβ peptides and neurofibrillary tangles composed of hyperphosphorylated tau protein with synaptic and neuronal loss and neuroinflammation. Aβ oligomers can trigger tau phosphorylation and neuronal alterations through activation of neuronal kinases leading to progressive cognitive decline. PKR is a ubiquitous pro-apoptotic serine/threonine kinase, and levels of activated PKR are increased in AD brains and AD CSF. In addition, PKR regulates negatively memory formation in mice. To assess the role of PKR in an AD in vivo model, we crossed 5xFAD transgenic mice with PKR knockout (PKRKO) mice and we explored the contribution of PKR on cognition and brain lesions in the 5xFAD mouse model of AD as well as in neuron-microglia co-cultures exposed to the innate immunity activator lipopolysaccharide (LPS). Nine-month-old double-mutant mice revealed significantly improved memory consolidation with the new object location test, starmaze test, and elevated plus maze test as compared to 5xFAD mice. Brain amyloid accumulation and BACE1 levels were statistically decreased in double-mutant mice. Apoptosis, neurodegeneration markers, and synaptic alterations were significantly reduced in double-mutant mice as well as neuroinflammation markers such as microglial load and brain cytokine levels. Using cocultures, we found that PKR in neurons was essential for LPS microglia-induced neuronal death. Our results demonstrate the clear involvement of PKR in abnormal spatial memory and brain lesions in the 5xFAD model and underline its interest as a target for neuroprotection in AD.
2003), a cell stress response key to cell homeostasis. PKR is activated in AD brains (Chang, Suen, et al., 2002; Chang, Wong, Ng, & Hugon, 2002; Hugon, Mouton-Liger, Dumurgier, & Paquet, 2017; Page et al., 2006; Paquet et al., 2012) , and its concentration in the cerebrospinal fluid (CSF) predicts cognitive decline (Dumurgier et al., 2013; Mouton-Liger, Paquet, Dumurgier, Lapalus, et al., 2012) . PKR activation can control tau phosphorylation (Bose et al., 2011; Suen, Yu, So, Chang, & Hugon, 2003) , the expression of the Aβ-forming protein BACE1 (Ill-Raga et al., 2011; Mouton-Liger, Paquet, Dumurgier, Bouras, et al., 2012) , and neuroinflammation linked to innate immunity (Kang & Tang, 2012) . More information can be found in a recent review on PKR and AD (Hugon et al., 2017) . PKR impairs memory formation in mice (Zhu et al., 2011) . No study has explored the genetic blockade of PKR in AD transgenic mice. Here, we investigated the role of PKR in the cognitive alterations that accompanies AD lesions by crossing the 5xFAD mouse model of AD, mice that express five human familial AD mutations (Oakley et al., 2006) , and PKR knockout mice (PKRKO) (Yang et al., 1995) . We assessed for the first time, spatial memory, brain amyloid, apoptosis, and neuroinflammation in WT, 5xFAD, PKRKO, and double-mutant mice. The double-mutant mice displayed improvement in spatial memory, decreased brain amyloid accumulation and BACE1 activity, and reduced apoptosis and inflammation as compared to 5xFAD mice. In addition, using neurons and microglial cell cocultures, we found that PKR in neurons was key for microglia-induced neuronal death. Our results highlight the potential for this kinase as a target for neuroprotection.
| RESULTS

| PKR genetic blockade reduces memory impairment in 5xFAD mice
We used 5xFAD transgenic mice (9-month-old) that show amyloid plaques deposition starting at 2 months and widespread neuronal degeneration maximal in the subiculum and layer 5 of the cortex at 9 months (Oakley et al., 2006) . PKR was absent in the brains of PKRKO mice and double-mutant mice (Supporting information Figure S1) . First, we examined the spatial memory of the mice using the novel object location test (Ennaceur, Neave, & Aggleton, 1997) , in which 24 hr after mice are familiarized with two identical objects; one of the objects is placed at a different location. Wild-type and PKRKO mice spent more time exploring the displaced object than the unmoved object ( Figure 1a ). As expected, this preferential exploratory behavior was absent in 5xFAD mice, which could not distinguish between the displaced versus the unmoved objects (Figure 1a) . In contrast, the double-mutant mice spent more time exploring the displaced object, showing a statistically significant improvement (44%) in spatial memory after KO of PKR as compared to 5xFAD mice. In the starmaze exploration (Rondi-Reig et al., 2006 ), a cognitive test that distinguishes different memories and assessed by the length of travel to the target, the distance travelled by 5xFAD mice in the first session was increased as compared to doublemutant mice (Figure 1b ). Only PKRKO mice had significantly reduced numbers of errors compared to the other three groups (Supporting information Figure S2) . As a normal level of anxiety is crucial for the behavioral control required during spatial learning, we also evaluated anxiety responses in the four groups of mice using the elevated plus maze. The time spent in the open arm of the elevated plus maze was increased in the 5xFAD mice (Figure 1c ), suggesting that these animals display impaired anxiety responses, in agreement with previously published results (Jawhar, Trawicka, Jenneckens, Bayer, & Wirths, 2012) . This decrease in anxiety returned to levels observed in wild-type animals in the double-mutant mice (Figure 1c) . These results suggest that PKR deletion partially rescues the spatial memory deficit observed in the 5xFAD model of AD.
| Reduction of brain amyloidosis by PKR blockade
Since amyloid accumulation is toxic to neurons and PKR can control BACE1 expression, we next evaluated the effects of PKR knockout on brain amyloid deposition. To this end, we first used the amyloid marker 18 F-florbetaben (Neuraceq®) for positron-emission tomography (PET) in live 5xFAD, PKRKO, and double-mutant mice. The mean standard uptake value ratio (SUVr) of the 5xFAD mice was statistically higher than the SUVr of the double-mutant and PKRKO mice ( Figure 1d ). Brain amyloid load and SUVr were reduced in PKRKO mice and not statistically different from double-mutant mice. Reduction of Aβ levels in the double-mutant mice compared to the 5xFAD mice was confirmed using immunohistochemistry (Figure 1e ), Aβ immunoblotting ( Figure 1f ), and ELISA method ( Figure 1g ). In addition, BACE1 levels were significantly reduced (−176%) in the brains of double-mutant mice as compared to 5xFAD mice. These levels were also significantly reduced in PKRKO mice as compared to WT mice ( Figure 1h ). These various measurements show that the absence of PKR results in a reduced amyloid accumulation and BACE1 levels in 5xFAD mice. The observed reduction in brain BACE1 concentrations in double-mutant mice may be a direct result of absence of PKR activity, which has been shown to regulate BACE1 expression at the post-transcriptional level (Ill-Raga et al., 2011; Mouton-Liger, Paquet, Dumurgier, Bouras, et al., 2012) , and/or could result from a diminished activity of PKR-induced kinases, such as C-Jun-N-terminal kinase (JNK) or P38 MAP kinase, which regulate BACE1 expression at the transcriptional level (Tamagno et al., 2005 ).
This will deserve further investigation.
| Decrease in neurodegeneration induced by
PKR genetic blockade
Memory deficits in 5xFAD mice can be linked to synaptic and neuronal degeneration in the hippocampus and in the cortex (Oakley et al., 2006) as also observed in human AD brains. We biochemically evaluated brain apoptotic markers (caspase 3, phospho-bcl2, Bax), neuronal degeneration (Fluoro-jade staining), and synaptic alterations (synaptophysin and PSD-95) in the four groups of mice. Caspase 3 F I G U R E 1 PKR knockout modulates cognition and Aβ formation. (a-c) Behavior was studied in 9-month-old male and female wild-type (n = 17), 5xFAD (n = 14), PKRKO (n = 14), and 5xFAD × PKRKO (double mutant, DM, n = 10) mice. (a) In the novel object location test, the percentages of time exploring the displaced object (new location, NL, 24 hr after first exposure) and the unmoved object (old location, OL) were compared. Figure 2a ) and levels ( Figure 2b ) were significantly reduced in the hippocampus of double-mutant mice as compared to 5xFAD mice. Phospho-bcl2 and BAX levels (Figure 2c -d) were also significantly decreased in the hippocampus of double-mutant mice compared to 5xFAD mice, revealing that PKR is essential for the activation of these three apoptotic markers leading to neuronal degeneration as previously shown (Shimazawa et al., 2007) . A trend toward increased caspase 9 levels was observed in 5xFAD, but not in double-mutant mice as compared to WT mice (Supporting information Figure S3 ). These results reveal reduced neuronal apoptosis in the absence of PKR in 5xFAD mice; therefore, we next evaluated neurodegeneration in the four group of mice with Fluoro-jade staining. Histological quantifications confirmed apoptosis results as it revealed significantly reduced levels of staining in the subiculum of double mutants compared to 5xFAD mice ( Figure 2e ). In addition, synapse number, as measured by immunofluorescence labeling for presynaptic protein synaptophysin ( Figure 2f ) and postsynaptic PSD-95 (Supporting information Figure S4 ), was also significantly decreased in 5xFAD mice, compared to WT and double-mutant mice.
Collectively, these results indicate that the absence of the brain proapoptotic PKR results in reduced apoptosis and reduced synaptic and neuronal degenerations in 5xFAD mice. 
| Reduction of neuroinflammation induced by PKR blockade
The role of PKR in neurodegeneration could also be linked to inflammation as observed in human AD brains (Carret-Rebillat et al., 2015; Dabo & Meurs, 2012) . We therefore explored the consequences of PKR deletion on various brain inflammatory markers in the four groups of mice. Quantification of IBA1, a microglial protein, by immunohistochemistry revealed a significant reduction in staining in the subiculum of double-mutant mice compared to 5xFAD mice (Figure 3a) . Using the Luminex method, we next measured the levels of several proinflammatory cytokines, namely IL-1β, TNFα, IFNγ, and IL-6, in the hippocampus of the four groups of mice and found that they were all significantly increased in 5xFAD mice returning to wild-type levels in double-mutant mice (Figure 3b-e) . Surprisingly, in the brains of PKRKO mice a trend to increased cytokine levels was detected. This finding could be linked to an enhanced regulation of PKR-independent inflammatory pathways in the absence of PKR (Kang & Tang, 2012 
| PKR activation modulates inflammation and neuronal death in cultures
Next, we examined whether the observed reduction in neuroinflammation and apoptosis in the absence of PKR was due to neuronal or microglial PKR. As a model, we used in vitro LPS-induced microglial cell activation. To this end, release of proinflammatory cytokines and apoptosis were measured upon LPS treatment (1 µg/ml for 24 hr) of cultured neuronal and microglial cells isolated from wild-type and PKRKO mice. No cytokine release was observed in neuronal cultures from either mouse strain, as expected, whereas robust release was detected in both wild-type and PKRKO microglial cultures treated with LPS ( Figure 3h and Supporting information Figure S5 ). The result confirms that neurons do not respond to LPS exposure. The LPS-induced cytokine release from PKRKO-derived microglia suggests that inflammation in this model was triggered through PKR-independent pathways (Dabo & Meurs, 2012 (Figure 3g and Supporting information Figure S5 ).
As mentioned in the introduction, PKR can induce ISR and ISR proteins are triggered after activation of all eIF2 kinases. Surprisingly, no statistical difference was observed for other proteins of the ISR including phosphorylated eIF2α, GADD34, CHOP1, and ATF4 levels between 5xFAD mice and double-mutant mice (Supporting information Figure S6 ). This finding has also been very recently observed in another report (Sadleir, Popovic, & Vassar, 2018) . These results suggest that ISR could occur earlier in 5xFAD transgenic mice or that ISR-independent pathways activated by PKR such as NF-κB activation (Bonnet, Weil, Dam, Hovanessian, & Meurs, 2000) could also play a major role. Several conclusions can be drawn from our findings:
| DISCUSSION
The absence of PKR has a positive effect on memory in experimental animals (Abraham & Williams, 2008; Jiang et al., 2010) , and our results demonstrate for the first time these findings in a severe AD transgenic model. It is not possible so far to determine whether the PKR genetic blockade interferes with memory processes or whether the memory improvement is due to reduced brain lesions in double-mutant mice or whether both mechanisms are involved. It is not impossible to postulate that PKR inhibition could have a symptomatic effect as well as a disease-modifying action in 5xFAD mice.
One will have to wait for future human clinical trials to determine whether this dual action could be present.
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We showed in this report that blocking PKR activity could modu- Our study has some limitations. Neurofibrillary tangles are absent in the 5xFAD model, and a first limitation of this study is that the modulation of tau phosphorylation by blocking PKR could not be assessed. Although previous experimental works have demonstrated that PKR modulates tau phosphorylation (Bose et al., 2011) , further in vivo works with appropriate tau transgenic models will be necessary. The 5xFAD Alzheimer mice is a rapidly evolving transgenic model, and the abnormal brain molecular pathways in these mice could be somewhat different from the more slowly progressing lesions observed in sporadic AD. These mice have also a possible genetic heterogeneity, and the use of another AD transgenic mice could be worth trying. Finally, as soon as a nontoxic PKR inhibitor will be available for long-term treatments, a pharmacological confirmation of our findings will be necessary.
In conclusion, PKR knockout has beneficial effects in a mouse model of severe AD; this likely reflects its involvement at multiple levels in the pathogenesis of the disease. Because the absence of PKR is well tolerated in PKRKO mice (Yang et al., 1995) without
Signaling pathways in Alzheimer's disease in which PKR is implicated. Schematic representation of the pathways PKR may modulate based on the current and previous findings in neurons and microglia. In microglia, Aβ or LPS can trigger a PKR-dependent production of cytokines (such as TNFα or IL-1β) that are secondarily released or a PKR-dependent activation of NF-κB leading to inflammation. In neurons, cytokines from microglia or Aβ oligomers can trigger a PKR-dependent increase in BACE1 activity, ISR activation via eIF2α, and a PKRdependent apoptosis via phospho-bcl2 and BAX F I G U R E 3 PKR knockout reduces neuroinflammation in 5xFAD mice. (a) IBA1 immunohistochemistry in the subiculum of 30-week-old wildtype, 5xFAD, PKRKO, and 5xFAD×PKRKO (double mutant, DM) mice (n = 5 mice per group) (horizontal bar 20 µM (f-h) Neurons and microglia derived from wild-type or PKRKO mouse embryos, as indicated, were cocultured and treated for 24 hr with 1 µg/ml LPS. Caspase 3 activity was measured in the cell lysates at the end of the treatment (n = 3-5 cocultures per group). One-way ANOVA, F (7, 22) = 2.936, p < 0.0001; Tukey's post hoc test. Neurons and microglia from wild-type or PKRKO embryos were cocultured as in f, or cultured alone as indicated. Cytokine levels were measured using Luminex in the supernatant 1 day after a 24-hr treatment with vehicle (control) or 1 µg/ml LPS. IL-1β, TNFα, and IL-6 (g: cocultures)(h; pure cultures). Two-way ANOVA, interaction F (3, 27) = 3.935, p = 0.0189; treatment effect F (3, 27) = 4.010, p = 0.0175; and genotype effect F (1, 27) = 22,47, p < 0.0001, respectively; Tukey's post hoc test. (a-i) Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 overt histopathological lesions, modulating PKR may be a promising approach to improve cognition and attenuate the brain lesions observed in AD.
| EXPERIMENTAL PROCED URES
| Mice
All mice were bred and housed in controlled environmental conditions with free access to water and food at the TAAM-CNRS UPS 44-CDTA (Orléans, France). Wild-type (littermates of the 5XFAD strain), 5xFAD, PKRKO, and 5xFAD/PKRKO mice were all of a C57BL/6 background and 9 months of age at the time of the analy- 
| Behavioral tests
The novel object location (NOL) test was performed as previously described (Ennaceur et al., 1997) . Briefly, mice were first habituated to the open-top arena (45 × 45 × 45 cm, 2 days, 15 min per day).
On day 3, two identical objects (A1 and A2) were placed in the arena and explored for 10 min. Twenty-four hours later, one object was moved from its original location to the diagonally opposite corner, and mice were allowed to explore the arena for 5 min. The object preference was measured as the time exploring each object ×100/the time exploring both objects.
The starmaze consisted of five alleys radiating from the vertices of a central pentagonal ring. All the alleys were filled with water, and the water was made opaque with an inert nontoxic product (AccuScan OP 301, Brenntag, Lyon, France). The maze was surrounded by a square black curtain with 2D and 3D patterns affixed to provide configurations of spatial cues. To avoid the possible use of a guidance strategy (i.e., animals could rely on the use of a single distal cue), cue was given in duplicate. White noise was used to cover all other sounds that the mice could have used to orientate themselves. To solve the task, animals had to swim to a platform hidden 1 cm below the water surface and located 10 cm from the end of one alley. Departure and arrival points were always the same.
All animals ran one session of five trials per day over 2 days using a 
| Brain tissue preparation
Briefly, mice were deeply anesthetized with a lethal dose of pentobarbital, and a cannula was inserted in the heart. Mice were perfused with cold PBS. The hippocampus and cortex from one hemibrain section were frozen. The other hemibrain sections were immersed in 4% paraformaldehyde (Sigma-Aldrich, MO, USA) followed by inclusion of samples in paraffin.
| Cell cultures
Cell culture medium was prepared as previously described (Page et al., 2006) and consisted of DMEM with 10% FBS (for microglia) and neurobasal supplemented with GlutaMAX, 50 μg/ml penicillin, 10 ng/ml streptomycin, and B27 (R&D Systems, USA) (for neurons).
Mouse embryonic neurons and microglia were extracted from (14 days) embryo cortexes collected from pregnant 5xFAD or wildtype female mice and were plated onto poly-L-ornithine-coated (microglia) or poly-L-lysine-coated (neurons) plates (Sigma-Aldrich, Germany) with the above-described culture medium. Cells were used at 14 days (microglia) or 7 days (neurons) after seeding. For cocultures, 7-day-old in vitro neurons were transferred to plates containing 14-day-old in vitro microglial cells. LPS (1 µg/ml) (Sigma-Aldrich, Germany) was applied for 24 hr, followed by cell culture washings. The following day, cells were used either for immunostaining or, after extraction with trypsin-EDTA (Life Technologies, USA), for immunoblotting. The supernatant was always collected before either type of analysis and used for enzymatic assays and Luminex analyses. 
| Immunostaining of cultured cells
| Miscellaneous protein measurements
ELISA for Aβ and BACE1 was conducted using commercial kits and according to the manufacturer's guidelines (Human Amyloid Beta 1-42 KHB3442, Thermo Fisher, Waltham Ma., USA, and Euromedex
France Mouse BACE1 Kit SEA718MU).
| Multiplex analyses for cytokines
Luminex assays were conducted on protein extracts from cell cultures and mouse tissue, using commercial kits (Bio-Plex Pro, Mouse
Chemokines Assay, Bio-Rad; Hercules, CA, USA) following the supplier's instructions, and then, the 96-well plates were read using a MAGPIX detection system (Luminex).
| Immunohistochemistry
Aβ immunogenicity was evaluated using mouse monoclonal MOAB antibody (Abcam) and microglia activation with rabbit polyclonal IBA1 antibody (Thermo Fisher). Tissue was fixed in formalin and embedded in paraffin for cross-sectioning (AML Laboratories, USA). 
| Image acquisition
Staining quantification (% area stained of total area examined) was carried out using ImageJ 1.48v software (National Institutes of Health, USA). Seven nonoverlapping images of the cortex and one image of the subiculum at magnification ×40 were taken from each slide of tissue for quantification using a Zeiss microscope.
| PET-CT imaging
Synthesis and radiolabeling of the 18 F-florbetaben probe were performed as previously described (Barthel et al., 2011) and was provided by the cyclotron and radiochemistry facility at Paris Diderot University. Mice were anesthetized with 2% isoflurane in 2 L/min oxygen, injected with means were compared between groups using a Mann-Whitney test.
